INTRODUCTION
Seabirds are becoming increasingly threatened worldwide, and their populations are subject to a variety of threats both on land, where they breed, and at sea, where they rest and forage throughout the year (Croxall et al. 2012 , Lewison et al. 2012 . Key threats affecting seabird populations include intro-duction of alien invasive predators to their breeding locations, pollution and habitat degradation, interactions with commercial fisheries, climate change and disease (Lucas & MacGregor 2006, Olmos et al. single egg per breeding attempt and strong mate fidelity (Warham 1996 , Bried et al. 2003 , Rodríguez et al. 2019 ) make them particularly prone to environmental and human perturbations, which have contributed to their current population declines and poor conservation status (González-Solís & Shaffer 2009 , Croxall et al. 2012 .
In addition to long-lasting detrimental effects on population dynamics, individual life histories are also shaped by events occurring in geographically disparate places during the breeding, migration and non-breeding periods (Norris & Marra 2007) . There is mounting evidence of carry-over effects (i.e. processes that influence individual performance in a subsequent season) from the breeding to the nonbreeding period, suggesting that migratory, nonbreeding and moulting decisions made by individuals are influenced by their success in previous breeding attempts (Catry et al. 2013) . Thus, taking into account the variability of breeding efforts within a population seems advisable when trying to define phenology and year-round distributions of long-lived species.
Gadfly petrels Pterodroma spp. are the largest genus of oceanic seabirds, with most species endemic to isolated oceanic archipelagos (Hilton & Cuthbert 2010 , Croxall et al. 2012 ). Due to the remote location of their breeding colonies, many aspects of gadfly petrels' ecology remain poorly known (Rodríguez et al. 2019) . Few novel studies have generally described their at-sea distribution, showing long-range movements across ocean basins (Rayner et al. 2008 , Jodice et al. 2015 , Krüger et al. 2016 , 2017 , Clay et al. 2017 , Leal et al. 2017 .
The Atlantic petrel Pterodroma incerta is a medium-sized procellariiform seabird (420−720 g), with a year-round distribution largely confined to the South Atlantic Ocean (Enticott 1991 , Orgeira 2001 , Cuthbert 2004 . The species breeds during the austral winter; observations at the breeding islands indicate that they arrive at the colony from mid-March onwards, laying a single egg in June−July, with chicks fledging in December (Richardson 1984 , Cuth bert 2004 . Virtually the entire population, estimated at approximately 1 million pairs, breeds at Gough Island (40°20' S, 9°53' W) (Cuthbert 2004 , Flood & Fisher 2013 , Rexer-Huber et al. 2014 ). In the 1970s, a small remnant population bred on Tristan da Cunha, but the introduction of alien predators, inland habitat modification and hunting by islanders contributed to its presumed extinction as breeder (Rich ardson 1984 , Cuthbert 2004 , BirdLife International 2017a . A few pairs also breed on the eastern plateau of Inaccessible Island (Flood & Fisher 2013, P. G. Ryan unpubl. data) . The Atlantic petrel is listed as Endangered by the IUCN due to its extremely small breeding range and the high rate of chick predation by introduced house mice Mus musculus, which has caused the population decline and may even lead to its extinction, if mice are not eradicated from Gough Island (Cuthbert et al. 2013 , Dilley et al. 2015 , BirdLife International 2017a , Caravaggi et al. 2019 .
The poor conservation status of the Atlantic petrel calls for new insights to better understand the species' ecology and guide conservation actions. Most knowledge of its distribution at sea comes from shipbased sightings (Enticott 1991 , Orgeira 2001 . More recently, its general phenology and distribution were summarized together with other gadfly petrels species using tracking data . However, Ramos et al. (2017) did not include detailed descriptions on its phenology and spatial ecology, the factors influencing migration schedules within the population or other important aspects of its at-sea ecology, such as habitat preferences, at-sea activity patterns and moulting strategies.
This study extends our knowledge about the spatial ecology of adult Atlantic petrels. Our first aim was using geolocation-immersion data to assess in detail phenological phases, at-sea distribution, marine habitat preferences and activity patterns yearround. Second, we explored whether breeding success might lead to carry-over effects regarding phenology, behaviour or distribution, as previously found in a number of species (Catry et al. 2013 , Ramos et al. 2018 ). Since Atlantic petrels suffer high rates of breeding failure (up to 87% rate of chick predation by introduced house mice; Wanless et al. 2007 , Cuthbert et al. 2013 , Dilley et al. 2015 , we expected to detect, from geolocator data, a relatively high number of birds not returning to the colony during the breeding season to feed their chick due to breeding failure. We would then expect these failed-at-breeding birds, leaving the colony earlier than the remaining breeders, to adjust their annual phenological calendar. Finally, we investigated moulting patterns by performing stable isotope analysis (SIA) on feathers from dead specimens. We would expect feathers moulted close to the breeding grounds to show smaller variability in the isotopic values among individuals than feathers moulted in the wintering areas, since in the latter case a larger spatial segregation of the individual wintering areas would also lead to the integration of disparate baseline isotopic levels in their feathers.
MATERIALS AND METHODS

Tag deployment and data filtering
We deployed light-level geolocators (models Mk13, Mk14 and Mk19; Biotrack) attached to a PVC ring with cable ties to the tarsus of breeding Atlantic petrels during the incubation period. Between July and August of 2010, 2011 and 2012, we deployed 42 geolocators (21, 16 and 5, respectively) on 33 Atlantic petrels attending burrows near the research station at Gough Island. Sex of birds was unknown. Some individuals were tagged in more than 1 yr. Over 3 yr after deployment, 26 of these 33 birds were recaptured, but 5 had lost the device. From the 21 geolocators recovered, 13 provided data. Overall, we gathered tracks from 9 individuals for 1 yr, 3 individuals for 2 yr and 1 individual for 3 yr, resulting in 18 year-round tracks from 13 birds. This data set is already included in Ramos et al. (2017) to provide a general distribution and phenology of the species. Here, we analyzed these data in more detail, to provide information on habitat preferences, moulting strategies and activity patterns.
Geolocators measure light levels every 1 min and record the maximum value every 5 (model Mk19) or 10 min (models Mk13 and Mk14; Afanasyev 2004) . Based on photoperiod and sunrise and sunset times, 2 locations per day can be inferred (one to local midday and the other to local midnight) with an average (± SD) ac curacy of ~186 ± 114 km (Phillips et al. 2004) . Light level curves were supervised using TransEdit from BASTrack software (British Antarctic Survey, BAS). Geolocators were calibrated for ~1 wk before deployment outside the Gough Island research station. We used calibration data to calculate sun elevation angle for each device (−3.30 ± 0.44°) and applied a threshold value of 20 to estimate sunrise and sunset times. We removed all locations derived from light curves presenting interferences at sunrise or sunset. Those er roneous locations in side a window of 20 d on either side of each equinox (Afanasyev 2004) were also removed, as latitude cannot be inferred by light-level geolocation for these periods. We considered locations with flying speeds higher than 55 km h −1 sustained over a 48 h period to be unrealistic and thus they were also removed. The final data set for further analysis contained 67% of all locations and is available in the Seabird Tracking Database of BirdLife International (http:// seabirdtracking. org/mapper/? dataset_id=966; Bird Life International 2017b).
Phenology and spatial distribution
Phenology was determined for each year-round trip by visually inspecting filtered locations in BirdTracker software (BAS) and confirmed using conductivity data, inferred from saltwater immersion data (see Section 2.3). At this step, unfiltered locations were used to inform longitudinal movements and determine phenology around the equinoxes, because longitude remains reliable (Hill 1994) . Departure and arrival dates from breeding and non-breeding grounds were assessed visually. Departures were identified as the first day that any location was outside the cluster of locations from the previous 10 d that was followed by a clearly directed movement away from this area. Similarly, arrivals were assessed as the first day any location was inside the cluster of locations, preceded by a directed movement towards that area. Regarding incubation, only entire incubation periods were considered (data from 5 birds), excluding those that were not fully recorded because of the dates of deployment or recovery of devices. We defined an incubation bout as consecutive days without light and with no immersion records preceded and followed by light and immersion records. We inferred chick-rearing when birds made frequent brief visits to the colony at night, without immersion data during several hours, characteristic of this pe riod (Ojowski et al. 2001) . Each visit took place only during night, and consecutive visits were typically separated by several days with immersion records (night and day) at sites where foraging to provision the chick presumably occurred. These sites were far enough away from the colony to consider that those birds did not visit the colony on consecutive nights. We identified the onset date and duration of the following phenological phases: post-breeding migration, non-breeding, pre-breeding migration, pre-breeding (i.e. from arrival at the colony to prelaying exodus), pre-laying exodus (i.e. period at-sea that extends from mating to egg laying), incubation and chick-rearing.
Once those events were identified, we evaluated their variability among the year-round trips recorded. A preliminary visual exploration of changes in longitude suggested the existence of 2 phenological groups (see Fig. S1 in the Supplement at www. intres. com/ articles/ suppl/ n040 p189 _ supp. pdf). To typify them objectively, we applied a multivariate hierarchical clustering analysis using the function 'hclust' and the method 'ward.D2' from 'stats' package in R (R Core Team 2017). We considered 7 input variables: the onset of post-breeding migration, nonbreeding, pre-breeding migration, pre-breeding, pre-laying exodus, incubation (all these dates were included in statistical analyses as the number of days since January 1st) and the duration (in days) of the non-breeding period (Fig. 1A) . The start of chickrearing was not included because 3 birds performed post-breeding migration immediately after incuba-tion, presumably because their breeding attempt failed during incubation or around hatching (many chicks are killed by mice within hours of hatching; Dilley et al. 2015) . Variables were z-transformed prior to analysis. We performed a silhouette analysis, using the function 'silhouette' in the R package 'clus- Fig. S3 ). Note that starting dates of chick-rearing (Schick) are detailed here, but were not included in the hierarchical clustering analysis because 3 birds performed post-breeding migration immediately after incubation, presumably because they failed either during incubation or at hatching ter' (Maechler et al. 2017) , to evaluate within-cluster consistency, i.e. how similar each sample was to the others assigned to the same cluster ( Fig. S2 ) (Rousseeuw 1987) . Clustering results showed 2 welldefined phenological groups, presumably related to breeding success ( Fig. 1A,B , but see Section 3.1, Figs. S2 & S3 and Section 4 for the rationale of this designation), so we termed these groups successful and failed breeders. We tested for differences in phenology between these groups using a Mann-Whitney-Wilcoxon U test, applying Bonferroni correction for multiple comparisons. Distribution at the population level was determined from filtered positions for each phenological phase through kernel density estimation, using the 'kernelUD' function from the 'adehabitatHR' package in R (Calenge 2011) . We used a Lambert Azimuthal Equal Area projection centred in the centroid of all locations and a smoothing parameter equivalent to 186 km (~2°, depending on latitude), in order to account for the average error in geolocation (Phillips et al. 2004) . Kernel density contours of 50 and 95% were considered to represent, respectively, the core areas of activity and the areas of active use for each period (Pinet et al. 2011a ).
At-sea activity analysis
Mk13 and Mk14 geolocator models measure the conductivity in saltwater every 3 s and summarize the result in 10 min blocks, with values ranging from 0 (the whole block was continuously dry) to 200 (the whole block was continuously wet) (Afanasyev 2004 ). Mk19 geolocator model provides a different data resolution, storing the time stamp when geolocator recordings change from wet to dry and vice versa; data recorded with Mk19 loggers were transformed to match Mk13 and Mk14 data resolution. Saltwater immersion data can be used as a proxy to infer activity patterns of seabirds, providing insights into behavioural strategies at different temporal scales (e.g. circadian, daily or seasonal; Mackley et al. 2011 , Rayner et al. 2012 , Cherel et al. 2016 ). Activity patterns inform whether species are mainly diurnal or nocturnal (both situations have been described in petrels; e.g. Bugoni et al. 2009 , Ramos et al. 2015 . This may be relevant for species inhabiting oligotrophic oceanic regions, such as gadfly petrels, where diel vertical migration of potential prey can influence seabird behaviour (Dias et al. 2012 . We explored the activity patterns between day and night throughout the annual cycle based on the time that every logger remained in wet mode. Sunrise and sunset times for each day were derived from geolocator transition files (files with extension 'trn'). We first evaluated daily time spent on the water (in %) for successful and failed breeders at each phenological phase, and for day and night separately. For visualization purposes only, we modelled daily activity at sea during day and night using generalized additive mixed models (GAMMs), separately for successful and failed breeders. We included Julian date as a smoothing term and bird identity as a random term. The resulting values showed the proportion of day and night spent on the water, accounting for the changes of day length throughout the year. We used the 'mgcv' package in R (Wood & Augustin 2002), based on penalized regression splines and generalized cross-validation, to select the appropriate smoothing parameters. Moonlight can influence activity patterns of petrels, particularly during the non-breeding period (e.g. Yamamoto et al. 2008 ), so we evaluated the effect of moonlight levels on nocturnal activity during the non-breeding period. We focused on this period to avoid any constraints that breeding might have on activity patterns. We used GAMMs to estimate nocturnal time on water during the nonbreeding period as a response of the number of days since the full moon in November each year (see Ramos et al. 2016 for more details of the approach) as a smoothing term. This allowed us to determine cycli city in the time spent on water during non-breeding in relation to the lunar cycle. Finally, nocturnal time on water during the non-breeding period was regressed against moonlight levels (from 0 during a new moon, to 100 during a full moon) using locally weighted, non-parametric regressions (Jacoby 2000) .
Habitat modelling
We used MaxEnt 3.3.3k software to develop habitat suitability models (Phillips et al. 2006 , Elith et al. 2011 . Taking into account similar studies (Quillfeldt et al. 2013 , Ramírez et al. 2013 , Ramos et al. 2015 , 7 environmental variables were selected through jackknife test for their possible importance for predicting Atlantic petrel distribution: seafloor depth (BAT, m), bathymetric gradient (BATG, %; estimated as proportional change of seafloor depth calculated as 100 × [max. value − min. value] / [max. value]), surface chlorophyll a concentration (CHLA, mg m −3 as a proxy of biological production), distance to the colony (DCOL, km), sea surface temperature (SST, ), salinity (SAL, g salt per kg water) and wind speed (WIND, m s −1 ). The environmental information layers were downloaded as monthly averages from the ERDDAP data server in raster format (Simons 2017) . In order to select those environmental variables that better ex plain the distribution of Atlantic petrels, we used the function 'VariableSelection' from 'MaxentVariable Selection' package in R (Jueterbock et al. 2016) . We first excluded those variables that contributed less than 5% to the model (contribution threshold = 0.5) and then excluded the correlated environmental variables (Pearson correlation, correlation threshold = 0.7), keeping those with the highest contribution score. As monthly variables of BAT and BATG were correlated (Table S1) , and WIND and SAL explained < 5% of the distribution for all phenological phases, we reduced environmental predictors to 4 non-redundant variables: BATG, CHLA, DCOL and SST. Environmental layers were averaged for each phenological phase and resampled to a spatial resolution of 2°, in order to match the spatial error in geolocation data. With those layers, habitat suitability models for each phase were generated using 1000 possible random locations from inside 50% kernel density contours. Each final model was the average of 100 models and their fit was evaluated using the area under the curve (AUC) statistic, which measures the ability of model predictions to discriminate species presence from background locations.
Feather sampling and SIA
We analyzed the stable isotopes of nitrogen (δ 15 N) and carbon (δ 13 C) in the 1 st , 3 rd , 5 th , 7 th and 10 th primary feathers (P1, P3, P5, P7 and P10), the 13 th secondary feather (S13) and the 6 th tail feather (rectrix, R6) sampled from 8 dead Atlantic petrels (we could not distinguish if they were immature or adults) found on Gough Island in September 2009. As feathers are metabolically inert once formed, they retain the δ 15 N and δ 13 C values from the bird's diet at the time of growth, when they are irrigated by blood. Therefore, stable isotopes from feathers provide information about trophic levels (δ 15 N) and foraging areas (δ 13 C) when feathers were growing (Hobson et al. 1994 , Cherel et al. 2000 . All feathers were cleaned in a 0.50 M NaOH solution, rinsed twice in distilled water in order to remove any contamination and oven-dried at 60°C to constant mass. Thereafter, feathers were flash-frozen with liquid nitrogen and ground using a cryogenic grinder (Spex Certiprep 6850) to obtain a fine powder. Subsamples of 0.30− 0.32 mg were weighed and placed into tin capsules to be oxidized in a Flash EA1112 and hightemperature conversion elemental analyzer (TC/EA) coupled to a Delta C stable isotope mass spectrometer through a Conflo III interface (ThermoFinnigan) in Serveis Científico-Tècnics of the University of Barcelona (Spain). Stable isotope ratios are expressed in δ conventional notation as parts per thousand (‰) according to the following equation: δ X = [(R sample / R standard ) − 1] × 1000, where X is 15 N or 13 C and R corresponds to ratio 15 N/ 14 N or 13 C/ 12 C related to the standard values. R standard for 15 N is atmospheric nitrogen (air) and for 13 C is Vienna Pee Dee Belemnite (VPDB). The international standards applied (IAEA N 1 , IAEA N 2 , USGS 34 and IAEA 600 for N; IAEA CH 7 , IAEA CH 6 , USGS 40 and IAEA 600 for C) were inserted every 12 feather samples to calibrate the system and compensate for any drift over time. Values of δ 15 N and δ 13 C were compared to those of other petrels (Procellariidae) that overlap their distribution with the Atlantic petrel's non-breeding range.
Ethics statement
All work was conducted in accordance with the appropriate institutional guidelines (University of Cape Town Animal Ethics Committee: 2014/V10/ PRyan and 2017/V10REV/PRyan), and with the approval of the Tristan da Cunha government. The weight of tagged birds was > 500 g and the weight of geolocator was ~2 g, which was well below the deleterious recommended threshold of 3−5% of body weight for back-mounted devices (Phillips et al. 2003 , Igual et al. 2005 , Passos et al. 2010 . All birds were handled in strict accordance with good animal practice; deployment and recovery of geolocators took < 5 min and had no visible deleterious effects on study animals.
RESULTS
Phenology and spatial distribution
All tracked birds remained within the South At lantic Ocean, with most time spent west of the breeding islands. Successful and failed breeders showed similar spatial distributions in each phenological phase (Fig. 2 shows detailed distribution of each phenological group). Adults spent the non-breeding period off northern Argentina, Uruguay and southern Brazil; during the pre-laying exodus, they mainly used the waters over the edge of the South American continental shelf, whereas during incubation and chick-rearing they used 2 main foraging areas, one around Gough Island and another closer to the South American coast (Fig. 2) .
Multivariate hierarchical clustering based on phenology identified 2 distinct clusters of birds (Fig. 1) . The mean silhouette width, with a value of 0.59, provided reasonable support for the structure (Fig. S2) . Three year-round trips presented low widths (< 0.25), which indicated low support for the classification of these samples, but details of their individual phenology support that their classification is more related to failed than to successful breeders (see Figs. S2 & S3 for a detailed explanation). Previous knowledge of breeding phenology based on observations on land (Cuthbert 2004) suggests that late migrants were suc cessful breeders, whereas early migrants were failed breeders (see Section 4 for an extended explanation). Thus, following the clustering results, we described the phenology of the Atlantic petrels and detailed the breeding schedules separately for successful (n = 10) and failed breeders (n = 8; Table 1 ). Successful breeders left Gough Island at the end of December and carried out a post-breeding migration towards South America. They arrived at the nonbreeding area off northern Argentina, Uruguay and southern Brazil ( Fig. 2A) at the beginning of January and stayed in the area for 98 d. Successful breeders Filled contours refer to 50% (darker polygons) and 95% (lighter polygons) kernel utilization distributions (core areas of activity and the areas of active use, respectively) in the South Atlantic Ocean at each phenological phase. Triangle: breeding colony at Gough Island started the pre-breeding migration back to the colony in the middle of April, arriving 5 d later. In late April, at the beginning of the breeding season, they travelled to off the northern Argentinean coast and the Falkland Islands for the pre-laying exodus (Fig. 2B) , returning in the middle of July to lay and incubate the egg (Fig. 2C) . Detailed data about incubation (Table 1) were obtained from 4 successful breeders and 1 failed breeder for which the deployment or recovery of the logger did not interrupt the incubation period. Note, however, that the total length of the incubation period could be longer than recorded from the geolocator data because only one bird of each pair was tracked and its partner could have done the first or last bout. Successful breeders incubated the egg in 2 (3 birds) or 3 bouts (1 bird), with a median duration (± 95% confidence interval) of 16.0 ± 3.6 d (n = 9 bouts). One failed breeder also incubated in 3 bouts (16.0 ± 3.6 d). Chicks hatched in late August−September, when the adults foraged in the same areas used during incubation (one off the Argentinean continental shelf, and one closer to Gough Island; Fig. 2C,D) . Failed breeders left for the non-breeding grounds earlier than successful breeders, had a longer non-breeding period, and returned to the colony earlier the following season (Table 1 , Fig. 1B) . The apparent result of failed breeders laying earlier but hatching later than successful breeders (Table 1) was not taken in consideration because deploying and recovering of geolocators took place during incubation, thus breaking the connection between incubation and subsequent chick-rearing (i.e. the consideration as successful or failed breeders relate only to the year right after the logger deployment and cannot be maintained to the next year).
At-sea activity
Both successful and failed breeders spent less time on the water during the breeding period (pre-laying exodus, incubation and chick-rearing) than during the non-breeding period (Fig. 3 , Table S2 ). Both successful and failed breeders noticeably increased the time on water during the non-breeding period, although in accordance with phenology, failed breeders clearly advanced this pattern in the calendar (Fig. 3) . Despite petrels showing similar proportions of time spent on water during day and night within each phenological phase, the proportion of time on water was slightly higher at night than during the day (Fig. 3) , except during the non-breeding period, when nocturnal activity was clearly influenced by moonlight ( Fig. 4 ). During this period, tracked birds spent more time on water during nights at new moon and spent more time flying on moonlit nights (Fig. 4) .
Habitat modelling
The importance of each environmental variable in the MaxEnt models differed between phenological phases (Table 2, Fig. S4 ). The most important variables were SST (20−25°C) in the non-breeding period; DCOL (2500−4000 km) during the pre-laying exodus; DCOL (0−2500 km) and SST (0−7°C) during incubation; and DCOL (0−1900 km) during chickrearing ( Fig. S4 ; response curves are detailed in Fig.  S5 ). Fig. 5 compiles the obtained habitat suitability models considering these environmental variables for each phenological phase. During non-breeding, suitable habitats outside the recorded distribution occurred in the southeast Atlantic, especially in the Benguela Upwelling region.
Stable isotope values
Atlantic petrels presented a narrower range of δ 15 N (13.1−15.5 ‰) than δ 13 C values (−19.3 to −16.1 ‰; Fig. 6 , Table 3; see Table S3 for detailed values). Both isotopic ranges were wider in P1−P7, showing higher isotopic variability, than within P10 feathers. Both isotopic signatures and variability of S13 and R6 showed similar values to those of P10. Compared with other petrel species moulting in the Brazil-Falklands Confluence, Atlantic petrels show lower values of δ 15 N and δ 13 C (Table 3 ). 
DISCUSSION
Our study provides new insights into the spatial ecology of the Atlantic petrel. We report, for the first time, at-sea activity patterns, habitat preferences, moulting strategies and carry-over effects over the entire annual cycle of this Endangered species. More over, we extend previous knowledge about the timing of life-cycle events and migration schedules year-round by quantifying phenological variability that arose from presumed breeding success. We present new critical knowledge and refine previous data, providing an ensemble of relevant information for its conservation. However, the small sample size and the lack of immatures in the sample limit the general relevance of our findings.
The breeding phenology inferred in this study generally agrees with data reported in previous colonybased studies (Richardson 1984 , Cuthbert 2004 , Wan less et al. 2012 , Dilley et al. 2015 (Table S4) C of 1 st , 3 rd , 5 th , 7 th and 10 th primary feathers (P1, P3, P5, P7 and P10), 13 th secondary (S13) and 6 th rectrix (R6) feathers of Atlantic petrels (n = 8; values in Table 3 ). Lines connect values corresponding to feathers from the same individual, note that not all sequences are complete. Primary fea ther re placement is assu med to be simple and des cendent in procellarii for mes, starting from P1−3 and moulting sequentially towards P10. Se condary and rectrix feathers (here S13 and R6) are thought to be moulted out of the breeding season, not sequentially, as represented by dashed lines (Bridge 2006 , Ramos et al. 2009 chick-rearing (Table 1) , probably as a result of breeding failure. In recent years, a high proportion of chicks have been killed by introduced house mice at Gough Island (Dilley et al. 2015) . Thus, although breeding outcome was not monitored, the phenological variability found between groups likely is due to breeding success or failure. Both phenological groups differed in the starting date of post-breeding migration and the 5 subsequent phenological phases (Fig. 1, Table 1 ). The 'early migrants' departed the breeding area between 7 August and 9 November (well before December, when chicks usually fledge; Cuthbert 2004) , indicating that birds showing this early post-breeding migration were likely failed breeders. The 'late migrants' started their post-breeding migration in December or later, and therefore, presumably, were successful breeders. Interestingly, we found that breeding success influenced subsequent phenological phases of the species. Failed breeders not only departed to the non-breeding area earlier and stayed there longer than successful breeders, they also returned earlier to the colony at the onset of the next breeding period. These results demonstrate a carry-over effect on this species not only from the breeding to the non-breeding period, but also to the subsequent breeding period. It is likely that birds without breeding responsibilities that migrate earlier to the non-breeding grounds were able to moult and recover their body condition earlier than successful breeders, potentially improving their chances of breeding successfully in the subsequent breeding attempt (Kokko 1999) . Nevertheless, despite the phenological differences between successful and failed breeders, all birds showed similar flyways and non-breeding areas, probably because of the relatively restricted and consistent non-breeding area for the entire species. This last result was also found in Cory's shearwater Calonectris borealis, although their breeding success did not change their migratory schedule (Ramos et al. 2018 ). However, our findings contrast with previous studies also with Cory's shearwaters and black-legged kittiwakes Rissa tridactyla, where winter distribution depends on reproductive performance (Bogdanova et al. 2011 , Catry et al. 2013 ). Among northern gannets Morus bassanus, foraging grounds also differed between failed and successful breeders (Votier et al. 2017 ). However, we are aware of the limitations of our sample size, and the need for an experimental design monitoring the breeding performance of every individual in order to be more conclusive on such carry-over effects (e.g. Harrison et al. 2011) .
Our geolocation data confirmed that the Southwest Atlantic Ocean is the main distribution range for Atlantic petrels year-round . The observed core range is more restricted to the west than traditionally considered (i.e. from east coast of South America to west coast of South Africa), but this might be a consequence of our modest sample size, and the fact that only unsexed adults were tracked in this study (Enticott 1991 , Orgeira et al. 2013 , Carboneras et al. 2017a . Adults were largely confined to oceanic waters of the central and western South Atlantic. The edge of the South American continental shelf, off northern Argentina, Uruguay and southern Brazil, was exploited during all phenological phases, Table 3 . Mean (± SD) δ 15 N and δ 13 C values of feathers from several petrel and shearwater species found in the southern Atlantic Ocean, including 1 st , 3 rd , 5 th , 7 th and 10 th primary feathers (P1, P3, P5, P7 and P10), 13 th secondary (S13) and 6 th rectrix (R6) feathers of Atlantic petrels breeding on Gough Island. Feathers of great shearwater Ardenna gravis, Manx shearwater Puffinus puffinus, Cory's shearwater Calonectris borealis and white-chinned petrel Procellaria aequinoctialis are known to be moulted in the Brazil-Falklands Confluence although extension and location of core areas differed between periods (Fig. 2) . In this region, the Brazil-Falklands Confluence, where warm waters from the Brazil Current mix with cold waters from the Falklands Current, creates a productive ecosystem that supports a complex community of top predators, including many seabird species (Croxall & Wood 2002 , Olmos 2002 , Acha et al. 2004 . Although this abundance of top predators results in local competition, the high productivity likely explains why Atlantic petrels exploit this area. Avoidance of competition near Gough Island (where waters are less productive) and the richer waters along the South American continental shelf may explain why birds commute around 3500 km to a more distant and productive area far from the colony. The proportion of time spent on water (both during day and night) was lower while breeding than during the non-breeding period (Fig. 3) . This pattern is likely explained by moulting phenology. Although there is scant information on the timing of moult in Atlantic petrels, most petrels complete an annual moult of their primary feathers starting immediately after the breeding season in order to avoid overlapping these metabolically demanding periods (breeding and moulting) (Bridge 2006) . Moult typically commences with 2−4 inner primaries, but only 1−2 outer primaries are moulted at a time, because their moult has a greater impact on flight performance (Bugoni et al. 2015) . The intense replacement of wing feathers during the non-breeding period (see below) decreases flight capability, forcing birds to spend more time on water (Cherel et al. 2016) . The effect of moult on flight time was also observed in failed breeders that advanced both the post-breeding migration and the non-breeding period, and thus likely their moulting period (Fig. 3) . Another possible contributing factor could be the move from central-place foraging while breeding (i.e. high energy investment to meet the breeding demands) to a lower energy demand during the non-breeding period (Mackley et al. 2011 , Cherel et al. 2016 . To ensure breeding success, seabirds need to increase foraging effort (Lescroël et al. 2010) , which likely means performing both nocturnal and diurnal foraging to provision the chicks either more frequently or with a larger variety of prey. However, during non-breeding period compared to the breeding period, birds spent more time in flight at night (at least during periods of increased moonlight), when some species of cephalopods become more accessible near the surface due to their diel vertical migrations (DVM) (Imber 1973) . As reported for other Pterodroma petrel species, ce pha lo -pods are the main prey of Atlantic petrels, which may include dead or moribund squid floating at the surface during the day (Richardson 1984 , Croxall & Prince 1994 , Klages & Cooper 1997 , Perez et al. 2019 . Nocturnal activity was clearly influenced by moonlight over the non-breeding period, i.e. petrels spent more time flying with increasing levels of moonlight intensity (Fig. 4 ). Previous studies have found similar results in other gadfly petrel species and suggest that light intensity during full moon nights could facilitate foraging (e.g. Pinet et al. 2011b , Ramírez et al. 2013 . However, greater activity levels on well-lit nights may result from DVM organisms remaining in deeper waters when moonlight is brighter, forcing Atlantic petrels to increase their search effort for prey (Benoit-Bird et al. 2009 ).
We observed high individual variability in isotopic results on several primary feathers obtained from dead specimens (i.e. P1−P7 feathers; Fig. 6 , Table 3 ). This likely indicates that these feathers grew in different individual non-breeding grounds within the general non-breeding area (see Cherel et al. 2000 , McMahon et al. 2013 . By comparison, the low isotopic variability in P10, S13 and R6 among individuals possibly indicates that these feathers were re placed in a common area for all birds, i.e. around the colony site after arrival from the non-breeding area between end of March and mid-April (Fig. 2) . Elliott (1957) reported that birds arriving at Tristan da Cunha at the end of March were still in moult, as were birds carried inland in Brazil by Hurricane Catarina in March 2004 (Bugoni et al. 2007 ). Al though we could not distinguish if the 8 dead spe cimens found at Gough Island were immature or adults, these results indicate similar phenological patterns in their migratory behaviour to those ob tained through geolocator data. The isotopic gradient observed along P1−P7 feathers could reflect a north− south gradient in isotopic baselines, with feathers with lower isotopic values moulted farther north, and those with higher isotopic values moulted further south, in the Brazil-Falklands Confluence ( Figs. 2A & 6) . This north− south trend is consistent with prey isotopic data (see δ 15 N in Table 4 ). However, the lack of a detailed zooplankton isoscapes for the non-breeding distribution prevented us from confirming this gradient at lower trophic levels (McMahon et al. 2013) .
It is clear that the edge of the South American continental shelf is an important foraging area for Atlantic petrels year-round. Shelf slopes are important habitats for many squid species, which are caught by fishing fleets year-round along the outer shelf and upper slope off southern Brazil (Haimovici et al. 1998 , Arkhipkin et al. 2015 . However, we did not find an increase in isotopic values with increasing trophic levels when comparing results from flight feathers moulted in the Brazil-Falklands Confluence with those from cephalopod species sampled in the same area (e.g. Drago et al. 2015 ; see Table 4 ). This mismatch may arise from differential timing of sampling (i.e. different years and/or seasons within the same year) and from unspecified limitations of using literature isotopic data. Nevertheless, comparisons of δ 15 N and δ 13 C values of Atlantic petrel feathers with other shearwater species moulting in the Brazil-Falklands Confluence (e.g. great shearwater and white-chinned petrel; Table 3 ) suggest a lower trophic level of the Atlantic petrel, which might reflect the limited use of fisheries discards by this species, and thus, its lower risk of bycatch compared with other species (Barrett et al. 2007 , Bugoni et al. 2008 , Phillips et al. 2009 ).
Regarding the Atlantic petrel distribution, oceanic productivity may not be a good predictor of its distribution because the species relies on relatively oligotrophic waters for feeding year-round, being a truly oceanic species like most gadfly petrels . In general, year-round habitat suitability models based on several environmental predictors agree well with the observed species distribution (Fig. 5; Enticott 1991 , Orgeira 2001 , Carboneras et al. 2017a ). However, during the non-breeding period, only 1 of the 2 suitable habitats -the shelf and slopes of the Brazil-Falklands Confluence -fit well with the core range of Atlantic petrels (Fig. 5A ). It is not known why Atlantic petrels are so rare in the Benguela Current region (Enticott 1991) . Their distribution contrasts markedly with several other seabird species that use both areas during the non-breeding period, such as Scopoli's Calonectris diomedea and Cory's shearwaters (González-Solís et al. 2007 ). During the pre-laying exodus, 2 suitable habitats were identified, one in northern Argentina and Falkland Islands, and another south of Africa (Fig. 5B) , which again was not used by any tracked birds, and is an area with few observations at sea (Enticott 1991) . During incubation and chick-rearing, an apparently suitable area in the southeastern Atlantic also was not highly used by tracked birds (Fig. 5C, D) , but they do occur in reasonable numbers south of Africa (38− 42°S) in November, towards the end of the chickrearing period (P. G. Ryan pers. obs.). Apart from the small sample size, one possible explanation for these differences could be the competitive exclusion or the 'ghost of past' competition with other gadfly petrels in the region (Connell 1980) . The great-winged petrel Pterodroma macroptera, which has a similar phenology and diet, is abundant off southern Africa and largely absent from the southwest Atlantic (Ridoux 1994 , Brooke 2004 , BirdLife International 2017a , Carboneras et al. 2017b ). It breeds abundantly at islands in the Southwest Indian Ocean, and used to be common at Tristan and Gough, but has become rare in recent years due to hunting (at Tristan) and introduced predators (at both islands) (Bird -Life International 2017a, Ramos et al. 2017) . The smaller soft-plumaged petrel Pterodroma mollis remains abundant at Gough and the uninhabited Tristan islands, as well as at islands in the southwest Indian Ocean, and is the most common gadfly petrel in the southeast Atlantic, but performs the opposite phenology to the Atlantic petrel (BirdLife International 2017a, Ramos et al. 2017 ). In addition, the distribution and abundance of squids is poorly known in austral oceans, but commercial squid fisheries are more abundant along the South American shelf and Ramos et al. 2017 ). This area is important for fishing fleets, and the high fishing intensity may decrease prey abundance for Atlantic petrels and other seabirds (Furness 2003 , Bugoni et al. 2008 . It also supports large numbers of vessels with their inherent potential threats (mortality, but also sub-lethal effects) to seabirds and marine life (Finkelstein et al. 2006 , Lewison et al. 2012 , Krüger et al. 2017 , Rodríguez et al. 2017 . Since this is the area where all tracked birds spent their nonbreeding period, and because Gough Island is virtually the only breeding location for this species, a good conservation strategy for both areas is essential to ensure sustainability of the Atlantic petrel. Indeed, one Ecologically or Biologically Significant Area (EBSA) and several Important Bird Areas (IBAs) overlap with the species' non-breeding distribution. 
CONCLUSIONS
In this study, we described important aspects of the spatio-temporal ecology of Atlantic petrels. The nonbreeding period of successful breeders lasted from the end of December to mid-April. Habitat preferences highlighted the South American continental shelf as an extremely important area for the species. We related activity patterns with breeding constraints, foraging behaviour and, together with SIA, provided new insights into the timing of wing moult. We also provided evidence of carry-over effects between consecutive breeding attempts. However, further stu dies tracking larger numbers of birds of different sexes and ages and monitoring their breeding performance at the colony would provide more reliable understanding of ecological factors that determine the at-sea distribution and behaviour of this Endangered seabird.
